Wall Jet Scour in Rock by Annandale, George W.
Conference Paper, Published Version
Annandale, George W.
Wall Jet Scour in Rock
Verfügbar unter/Available at: https://hdl.handle.net/20.500.11970/100287
Vorgeschlagene Zitierweise/Suggested citation:
Annandale, George W. (2010): Wall Jet Scour in Rock. In: Burns, Susan E.; Bhatia, Shobha
K.; Avila, Catherine M. C.; Hunt, Beatrice E. (Hg.): Proceedings 5th International Conference
on Scour and Erosion (ICSE-5), November 7-10, 2010, San Francisco, USA. Reston, Va.:
American Society of Civil Engineers. S. 715-723.
Standardnutzungsbedingungen/Terms of Use:
Die Dokumente in HENRY stehen unter der Creative Commons Lizenz CC BY 4.0, sofern keine abweichenden
Nutzungsbedingungen getroffen wurden. Damit ist sowohl die kommerzielle Nutzung als auch das Teilen, die
Weiterbearbeitung und Speicherung erlaubt. Das Verwenden und das Bearbeiten stehen unter der Bedingung der
Namensnennung. Im Einzelfall kann eine restriktivere Lizenz gelten; dann gelten abweichend von den obigen
Nutzungsbedingungen die in der dort genannten Lizenz gewährten Nutzungsrechte.
Documents in HENRY are made available under the Creative Commons License CC BY 4.0, if no other license is
applicable. Under CC BY 4.0 commercial use and sharing, remixing, transforming, and building upon the material
of the work is permitted. In some cases a different, more restrictive license may apply; if applicable the terms of
the restrictive license will be binding.
Wall Jet Scour in Rock 
George W. Annandale l , D.lng., PE, F.ASCE 
Iprincipal, Golder Associates, 44 Union Blvd, Suite 300, Lakewood, Colorado 80228; 
PH 303-980-0540; e-mail: georgeannandale({"i)golder.com 
ABSTRACT 
Rock scour by wall jets downstream of dams can compromise dam safety. The 
potential for such scour and its extent can be quantified by making use of the 
Erodibility Index Method (Annandale 1995; 2006). This method is based on a 
relationship between the stream power of flowing water and a geo-mechanical index 
representing the erosion resistance of the any earth material, ranging from non-
cohesive and cohesive soils, to rock formations . In order to apply this method it is 
necessary to quantify the spatial distribution of the erosive capacity of wall jets, which 
can then be compared to the erosion resistance of the earth material under 
consideration. This paper presents a method that can be used to quantify the erosive 
capacity of wall jets and illustrates that the Erodibility Index Method can be used to 
quantify the maximum scour depth caused by wall jets. 
INTRODUCTION 
A scour threshold for all earth materials can be defined by relating the relative 
magnitude of the erosive capacity of flowing water to the relative ability of earth 
materials to resist erosion. (The terms erosion and scour are used interchangeably in 
this paper). Annandale (1995) published such a relationship (the Erodibility Index 
Method), which can be used to quantify for any earth material (from very fine sand, 
coarse sand and cobbles, through cohesive soils and vegetated earth material to intact 
rock formations) the potential and extent of scour for varying flow conditions 
(Annandale 2006). 
This paper illustrates that the Erodibility Index Method can be used to quantify 
round wall jet scour potential and extent for non-cohesive sandy material. By 
extension it is concluded that the same approach can be used to quantify scour of rock 
subjected to wall jets. Analysis of rock scour by means of the Erodibility Index 
Method follows the exact same approach as applied to non-cohesive sandy material 
and has been shown by case studies to be successful in predicting scour potential and 
extent in any earth material (Annandale 2006) . 
PREVIOUS RESEARCH APPROACH 
Historically, wall jet scour research relates dimensionless maximum scour 
depth to the dimensionless densimetric Froude number (e.g. Ade and Rajaratnam 
1998; Aderibigbe & Rajaratnam 1999; and others). The densimetric Froude number is 
expressed as, 
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(1) 
Where U
o 
= jet velocity at nozzle (m/s); g = acceleration due to gravity (m/s2); p , = 
mass density of sediment (kg/m3); p = mass density of water (kg/m3); d. = 
characteristic sediment particle diameter (m). 
The research results from this approach have limited practical application 
because it may only be used to assess scour in non-cohesive earth material. It is not 
possible to relate the findings of that research to scour potential of other earth 
materials like cohesive soils or rock masses. 
PROPOSED APPROACH 
This paper follows a cause-and-effect approach instead of the conventional 
densimetric Froude number approach. The relative magnitude of the erosive capacity 
of the wall jet is determined by quantifying its stream power, and the relative 
magnitude of the erosion resistance of the earth material is quantified using the 
Erodibility Index Method (Annandale 1995; 2006). Annandale's erosion threshold is 
then used to assess for the earth material scour potential and extent. 
The paper is presented in two parts. The first part describes the methodologies 
used to quantify the erosive capacity of wall jets and the erosion resistance of earth 
materials and, through a cause-and-effect approach, quantify erosion depth. The 
second part of the paper uses published research results by Ade and Rajaratnam (1998) 
to validate the method. 
EROSION RESISTANCE AND EROSIVE CAPACITY 
Erosion is deemed to occur when the erosive capacity of the flowing water exceeds 
the erosion resistance of an earth material; and is deemed to cease when the erosion resistance 
of the earth material exceeds the erosive capacity of the flowing water. By following this 
approach the maximum depth of scour is determined with known spatial distributions of the 
erosive capacity of flowing water and the erosion resistance of the earth material. 
Quantification of erosive capacity of Wall Jets 
Albertson et al. (1950) provides a detailed analysis of the diffusion of round 
submerged jets, indicating that the flow downstream of the issuance point consists of 
two flow zones, i.e. a zone of flow establishment and a zone of established flow 
(Figure 1). The zone of flow establishment is dominated by the core of the jet, which 
gradually diminishes in size as a function of distance from the issuance point. Within 
the zone of flow establishment the maximum flow velocity, i.e. the flow velocity in 
the core, remains constant and equals the jet issuance velocity. 
Once the flow proceeds beyond the zone of flow establishment its movement is 
maintained by the momentum introduced by the jet. In this zone the maximum 
velocity gradually reduces and the rate of jet spread increases. Albertson et al. (1950) 
quantify the spatial distribution of flow velocity at right angles to the jet by assuming 
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that the lateral reduction in flow velocity follows a Gaussian distribution. They 
derived continuity, momentum and energy equations for jet flow into an infinite 
medium. 
Albertson et al. (1950) derived the relationship between dimensionless shear 
stress and dimensionless space for the established flow zone (Figure 2). The figure 
100 · , . . r. .. 
relates --, - , the dllTIenslOnless shear stress, and -, the dimensIOnless distance; 
P ' v,;"x x 
where, = shear stress (Pa); P = fluid density (kg/m\ v m~' = maximum flow velocity 
(m/s); r = variable radius at right angles to the jet axis (m); x = distance along the jet 
axis (m). 
Zone of Flow 
Zone of 
Established Flow 
Figure 1 Diffusion of flow around a round submerged jet 
For a round jet the equation for calculating the maximum flow velocity in the 
established flow zone is (Albertson et al. 1950): 
Where D o = jet diameter at issuance (m); Vo = issuance jet velocity (m/s). 
The shear stress produced by the round submerged jet is calculated as, 
, 
p . v~ :lX 
100 
(2) 
(3) 
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Figure 2 Relationship between transverse dimensionless shear stress and 
dimensionless space in the established flow zone for round jets discharging into a 
fluid with infinite depth (Albertson et al. 1950) 
Equations (2) to (3) represent flow variables for a jet submerged in water with 
infinite depth, i.e. its flow are not affected by solid boundaries. When this condition is 
changed by placing a boundary parallel to the x -axis it affects the flow conditions. 
The jet's erosive capacity along such a boundary can be determined by quantifying the 
turbulence production in the near-bed region along that boundary. 
Schlichting and Gersten (2000) provide the distribution of turbulence 
production in the near-bed region along a boundary (Figure 3). It relates dimensionless 
energy supply, turbulence production and direct (viscous) energy dissipation to 
dimensionless flow depth. 
Dimensionless turbulence production, quantified on the ordinate of Figure 3, is 
expressed 
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du+ + T ~ as T+ --+ ; where T = ~; T, = turbulent shear stress at the boundary (Pa); u. = -
~ ~ p 
u 
= shear velocity (mls); T = average wall shear stress (Pa). where u= 
u. 
average flow velocity (mls). 
The abscissa on Figure 3 is y + = 2:.; where y = variable flow depth (m); t5 = 
t5 
wall layer thickness, defined as t5 = ~; where v = kinematic viscosity of the water 
(m"/s). 
u. 
By integrating the dimensionless relationship between T+ du+ and / 
dy+ 
Annandale (2006) showed that the applied stream power T,' U (watt/m2) in the near-
bed region along a boundary can be expressed as 
(TJX T, ·u= 7.853P lP" (4) 
Inserting the shear stress detennined with Equation (3) into Equation (4) it is 
possible to quantifY the applied stream power p(~J (watt/m") for a round jet along a 
boundary, i.e. 
(5) 
For round jets the length of the flow establishment zone is (Albertson et al. 
1950), 
D x = _ 0_ 
u 2,C
, 
(6) 
where C,=0.109. 
Therefore, the distance along the x-axis x (m) where shear stress and the 
applied stream power is calculated is quantified as, 
(7) 
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Figure 3 Universal energy balance of the mean motion in the near-bed region 
(Annandale 2006) 
Quantification of erosion resistance 
The Erodibility Index Method (Annandale 1995; 2006) provides an approach 
to quantify the erosion resistance of any earth material, ranging from non-cohesive to 
cohesive and vegetated soils, to intact rock formations (Figure 4) . The erosion 
threshold relates stream power and the Erodibility Index K , which is defined as, 
(8) 
Where M , = mass strength number (-); Kb = block size number (-); Kd = inter-block / 
inter-particle shear strength number (-); J, = shape and orientation number (-). 
Methods to quantify the numbers making up the Erodibility Index are 
presented in Annandale (1995; 2006) and are not repeated here in full. The mass 
strength number, which can be obtained from tables published in Annandale (2006), 
assumes a value of about 0.02 for very loose non-cohesive soil. 
The block size number for non-cohesive earth material is quantified as, 
Kb =IOOO·dJ (9) 
The inter-particle shear strength number is calculated as, 
Kd = tan¢ 
Where ¢= internal angle of friction of the non-cohesive soil. 
By convention, in the case of soils, the shape and orientation number J , = 1.0. 
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The threshold stream power for a particular earth material is determined using 
Figure 4 or by using either of the following equations, 
P = KY. for K > 0 1 I - . 
or 
P, =0.48·Ko44 for K < 0.1 
Where P, = threshold stream power (kW/m\ 
J 
. ". 
I : ' { 
I 
~ : oJ. : 
. !; . . ~ : ~ ·· i 
C ",,,J>o 
Erodibli lly index 
(10) 
(J 1) 
Figure 4 Erosion threshold for earth materials defined by the Erodibility Index 
and stream power (Annandale 1995; 2006); Figure on left are for K < 0.1 and 
that on the right is for K :::,0.1 
Scour Depth Quantification 
Calculation of scour depth proceeds by comparing the threshold stream power 
p,. and the applied stream power p( ~) for round jets. When the applied stream power 
exceeds the threshold stream power, scour is deemed to occur; and when the applied 
stream power is less than the threshold stream power, scour is deemed to cease. This 
approach is used to quantify both maximum scour depth and its location (Figure 5). 
This figure illustrates the spatial distribution of stream power as a function of the 
longitudinal distance x along the jet axis and the radial distance r around the jet axis. 
The graph on the left has a smaller base than that on the right. The reason for 
this is that the lowest value on the vertical axis , representing the threshold stream 
power, is 30 watt/mz on the left hand graph and 10 watt/mz on the right hand graph. 
For purposes of illustration these values respectively represent the threshold stream 
power for two alternate materials. The base of the graph provides an indication of the 
scour extent as a function of x and r because the applied stream power below the two 
respective horizontal planes (30 and 10 watt/mz respectively) is lower than the 
threshold stream power represented by those planes. 
The maximum scour depth on the left hand graph is approximately 0.05m and 
it occurs at a distance of about 0.6m from the point of issuance. For the right hand 
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graph the maximum scour depth is about 0.075m and it occurs about 0.75m from the 
point of issuance. This procedure has been followed to calculate scour depths for 
experimental data from Ade and Rajaratnam (1998) for round jets. 
RESULTS 
Figure 6 compares calculated and observed scour depth using the Erodibility 
Index Method erosion resistance criterion. It is noted that the 25mm jet in high 
tailwater provides a good correlation, while the 5mm jet in high tailwater provides less 
satisfactory results. It is also noted that both the 19mm and 25mm jets in low tail water 
results in higher calculated than observed scour depths. 
These results are interpreted to mean that the erosive capacity of the jets is 
more accurately represented in high tail water, which more closely represents the 
conditions analyzed by Albertson et al. (1950), i.e. infinite water depth. The 
discrepancy observed for the 5mm jet, although in high tailwater, is attributed to a 
scaling problem. The 5mm jet used by Ade and Rajaratnam (1998) is very small 
compared to the non-cohesive soil sizes used in those experiments . 
Figure 5 Determination of scour depth and distance for two alternative earth 
materials. The figure on the left represents an earth material with an erosion 
threshold equaling 30 watt/m 2 and the figure on the right for a material with 
erosion threshold equaling 10 wattlm2 • 
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Figure 6 Comparison between calculated and observed scour depths in uniform, 
non-cohesive sediment for round jets. 
CONCLUSION 
The correlation between observed and calculated scour depths using Albertson 
et al. (1950) to quantify stream power and the Erodibility Index (Annandale 1995; 
2006) to quantifY scour resistance is satisfactory for non-cohesive soils. No scour data 
for wall jet scour in rock is known to the author. 
Based on previous experience using the Erodibility Index Method and on the 
fact that the erosion threshold defined by this method is continuous it is deemed 
reasonable to assume that rock scour due to wall jets can be assessed using the same 
approach. The Erodibility Index Method is a cause-and-effect approach. By 
quantifYing the spatial distribution of the erosive capacity of a wall jet and the spatial 
distribution of the erosion threshold of any earth material (including rock), using the 
Erodibility Index Method, makes is possible to estimate scour potential and extent. 
The scour threshold presented in Figure 4 for all earth materials can be used to 
estimate scour potential and extent of scour caused by wall jets, based on the concept 
presented in Figure 5. 
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